Introduction {#Sec1}
============

Head and neck cancers (HNC) are the sixth most common malignancy in the world \[[@CR1]\]. Squamous cell carcinoma (SCC) is the major histology. Radiotherapy alone or with concurrent chemotherapy/immunotherapy, beside surgery, is the main treatment method of HNC patients \[[@CR2]\]. During the last 20 years impressive technological progress in radiation oncology has been observed. Techniques characterized by high-precision dose delivery to the tumor, with maximal sparing of normal tissues, have been introduced to every-day practice including, among others, intensity modulated radiotherapy (IMRT), volumetric modulated arc therapy (VMAT) and stereotactic radiotherapy/radiosurgery (SRT/SRS). Accurate definition of the target volumes is crucial in these techniques. Spatial error in volume delineation may result in early recurrence due to undertreatment near the tumor boundary or unnecessary damage to critical anatomical structures \[[@CR2]--[@CR4]\].

In clinical practice, target volumes are based on information obtained from different imaging methods. Gross tumor volume (GTV) is defined as the visually determined tumor directly on images of a chosen study. Accuracy in target volume delineation depends, inter alia, on the imaging method \[[@CR3]\]. Computed tomography (CT) and magnetic resonance imaging (MRI) are the most frequently chosen anatomical imaging modalities. Currently, the use of molecular imaging, mainly positron emission tomography with 18-fluorine-labeled fluorodeoxyglucose (^18^F-FDG PET), continues to grow \[[@CR5]\]. ^18^F-FDG PET allows visualization of foci with increased glucose uptake, which is, among others, characteristic for carcinomas \[[@CR6]\]. Images obtained from ^18^F-FDG PET have high contrast, but low spatial resolution. Because of this, ^18^F-FDG PET is combined with morphological imaging methods, like CT or MRI \[[@CR3]\]. Magnetic resonance imaging has a potential advantage over CT, since it is characterized by excellent soft tissue contrast, which allows for detection of infiltration of adjacent structures or perineural and vascular spread \[[@CR7]\]. The prospective study by Lonneux et al. \[[@CR8]\] showed that the combination of ^18^F-FDG PET/CT compared to CT alone is more accurate and has higher sensitivity, especially in evaluation of metastatic lymph nodes. The advantage of PET/CT and MRI over CT alone encouraged the investigation of the value of images obtained from PET/MRI hybrid in target volume delineation. To date, a limited number of studies have assessed the use of this innovative hybrid combination of molecular and anatomical imaging in radiotherapy planning \[[@CR7]\].

The two most frequently used methods of GTV metabolic determination include visual interpretation and an automatic method based on an established threshold of standardized uptake value (SUV), defined as the percentage of maximal SUV (% SUV~max~) \[[@CR9]\]. The higher threshold value limits the tumor volume to tissues with more extensive metabolism and cell proliferation \[[@CR10]\].

The aim of the study was to evaluate the usefulness and accuracy of PET/MRI hybrid in GTV delineation during radiotherapy planning in patients with carcinoma of the tongue.

Materials and methods {#Sec2}
=====================

A retrospective analysis of anatomical (CT and MRI) and metabolic (PET) studies was performed on a group of 10 patients with histologically proven squamous cell carcinoma (SCC) of the tongue. Other inclusion criteria were age over 18 years old, glycemic blood level under 160 mg/dl, lack of uncontrolled systemic diseases, lack of hypersensitivity or allergic reaction on intravenous contrast or ^18^F-FDG in the past, or lack of presence of metal elements in the patient's body (cardiac pacemakers, cochlear implants, intrauterine contraceptive devices, metal shavings in an eyeball, surgical clips, metal surgical stitches).

Patients had a median age of 55 years (range 36--66 years; 5 women, 5 men). Clinical stage of the disease ranged form I to IVa, based on physical examination and CT images. Patient characteristics are presented in Table [1](#Tab1){ref-type="table"}. No distant metastases were revealed.Table 1Characterization of lingual squamous cell carcinoma (SCC) patients according to histopathology (H-P), histology grade score, clinical stage (TNM classification, AJCC, ed. 8, 2017), based on computed tomography (CT) evaluation, status of human papilloma virus (HPV) infection, smoking and biopsy performed before positron emission tomography/magnetic resonance (PET/MRI) imagingNo. of ptsH-PHistology grade scoreTNMHPV status\
(+/−)p16 status\
(+/−)EBV status\
(+/−)Ki67\
(%)Smoking\
statusBiopsy before PET/MRI (days)1SCC2T4N3M0−−−30YesNo2SCC2T2N0M0−−−30YesNo3SCC2T3N2cM0N/AN/AN/AN/AYesYes (25)4SCC2T3N2cM0N/AN/AN/AN/ANoNo5SCC2T3N0M0N/AN/AN/AN/AYesNo6SCC2T2N1M0−−−20NoYes (17)7SCC2T4N1M0−−−30NoYes (15)8SCC2T2N1M0−−−30YesNo9SCC1T4N2bM0++−30YesYes (20)10SCC2T1N0M0−−+50NoYes (14)*N/A* not available, *pts* patients

The group of patients was homogeneous in terms of biochemical parameters (e.g., glycemia level, blood morphology, C‑reactive protein (CRP) concentration, thyroid hormones level, renal and liver function parameters, electrolyte blood concentration).

Every patient routinely underwent CT examination of the head and neck region, with intravenous contrast (Ultravist 300, 1 ml/kg) on 320-slices CT scanner (Aquilion ONE, Canon Medical Systems Corporation, Otawara, Japan).

After an average of 8 days (range 7--13 days) PET/MRI studies were performed on a 3 T Siemens Biograph mMRI scanner (Siemens Healthcare GmbH, Erlangen, Germany). ^18^F-FDG (4 MBq/kg, range 242--404 MBq ^18^F-FDG per patient) was administered intravenously and the average time between tracer injection and the start of PET scanning was 60 min. The PET/MRI examination consisted of a low-resolution, nondiagnostic whole-body MRI scan, followed by PET scanning and diagnostic MRI scanning (T1- and T2-weighted sequences and contrast enhancement sequences) of the head and neck region (integrated parallel acquisition technique factor 2, acquisition time 19 s, 3.12 mm slice thickness, 20% interslice gap, 192 × 121 matrix, 500 mm × 328 mm field of view \[FOV\], repetition time 3.6 ms, echo time 1.23 and 2.46 ms).

GTVs were defined on PET images (GTV-PET) and compared to the GTVs obtained from CT (GTV-CT) and MRI (GTV-MRI). Two methods of GTV definition were used in this study: visual interpretation of CT, PET, and MRI images as well as an automatic method based on a chosen threshold value of SUV~max~ from PET examination.

Volumetric evaluations were performed using Siemens *syngo.via* VB10B software (Siemens Healthcare GmbH, Erlangen, Germany) on a HP Z420 working station (Hewlett-Packard Development Company, L.P., Houston, TX, USA). Visual interpretation was made in cooperation with a radiologist, a nuclear medicine specialist and a radiation oncologist. GTV delineation was created using a Wacom Intuos Draw graphics tablet (Wacom Co Ltd, Saitama, Japan). The primary tumor and lymph nodes (\>10 mm in shortest dimension) were delineated on contrast enhancement CT scans and T1-weighted VIBE (volumetric interpolated breath-hold examination) Dixon MRI sequence. Manually created target volumes on PET images (GTV-PET~vis~) were obtained using "halo" method based on *spectrum* window level in *syngo.via* software. "Halo" \[[@CR11]\] was recognizable by a specific color, slim wall, low SUV area located around the region of the maximal metabolic activity of the tumor/lymph node.

The fixed thresholds method was based on an automatic contour function---volume of interest (VOI) isocontour. A "sphere" was placed over the high uptake region and the contour was obtained by applying selected SUV~max~ thresholds of 20%, 30%, 40%, 50%, and 60% and obtained volumes were named GTV-PET~20%~, GTV-PET~30%~, GTV-PET~40%~, GTV-PET~50%~ and GTV-PET~60%~, respectively (Fig. [1](#Fig1){ref-type="fig"}). Volumes of 60% threshold were inappropriately small in comparison to GTV-CT, so they were excluded from further evaluation.Fig. 1Comparison of primary tumor (GTV, gross tumor volume) delineation using automatic fixed threshold method in patient with squamous cell carcinoma of the tongue (T3N2bM0): **a** GTV obtained with threshold of 20% of SUV~max~ (maximum standardized uptake value), **b** threshold of 30% of SUV~max~, **c** threshold of 40% of SUV~max~, **d** threshold of 50% of SUV~max~

Obtained volumes of GTV from CT, MRI and PET were compared. Statistical analyses were performed. The GTV-CT was used as a reference because CT is fundamental in the majority of currently used radiotherapy planning systems. Moreover, most guidelines for GTV and organs at risk delineation in head and neck region published by the most influential radiation oncologist associations are based on evaluation of CT images \[[@CR12], [@CR13]\]. The average and median were calculated for obtained results. The level of significance was considered as *p* \< 0.05. The evaluation of normality of distribution was carried out with the Shapiro--Wilk test. The data were compared with the Wilcoxon pair test.

Moreover, spatial analysis between GTV-MRI, GTV-PET~vis~ and GTV-CT was performed. Images from CT, MRI and PET study were fused using mutual information as registration method in Oncentra (Nucletron, Veenendaal, Netherlands). The Dice similarity coefficient (DSC) and the modified Hausdorff distance (mHD) were calculated. The DSC was calculated using the equation: 2 × (A∩B) / (A + B), where A and B represent two volumes, (A∩B) represents the volume of intersection, and (A + B) represents the absolute sum of their volumes \[[@CR7]\]. The A DSC values are between 0 and 1, where a DCS of 0 indicates no spatial overlap at all and a DSC of 1 indicates complete overlap. The mHD \[[@CR14]\] measures the similarity between two volumes by reporting the mean orthogonal distance between surface points.

Registration accuracy was qualitatively measured by the DSC and mHD computed on segmented tumors on CT and hybrid PET/MRI (GTV-PET/MRI) images in *syngo.via* (Siemens Healthcare GmbH, Erlangen, Germany).

The study was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments and was approved by the Bioethical Committee of the Medical University of Białystok, Poland.

Results {#Sec3}
=======

Tumor GTV {#Sec4}
---------

Results of the volumetric assessment of primary tumor volumes (GTV) obtained from CT, MRI and PET images are shown in Table [2](#Tab2){ref-type="table"}. Measurements of primary tumor SUV~max~, SUV~mean~ and correction of SUV values for healthy soft tissue are presented in Table [3](#Tab3){ref-type="table"}.Table 2Results of the volumetric assessments of primary tumor volumes (gross tumor volume, GTV) obtained from computed tomography (CT), magnetic resonance (MRI) and 18-fluorine-labeled fluorodeoxyglucose positron emission tomography (18F-FDG-PET) images in each patient (1--10)PtsGTV CT\
cm^3^GTV MRI\
cm^3^ (%)GTV PET ~vis~\
cm^3^ (%)GTV PET~20%~\
cm^3^ (%)GTV PET~30%~\
cm^3^ (%)GTV PET~40%~\
cm^3^ (%)GTV PET~50%~\
cm^3^ (%)126.426.84 (101.7)*18.56(70.3)***17.31**(65.6)11.79(44.6)8.63(32.7)6.35(24)232.1260(186.8)59.32(184.7)103.53 (322.3)66.9(208.3)48.45(150.8)***36.72****(114.3)*312.1611.4(93.7)*12.32(101.3)*27.74(228.1)**9.33**(76.7)4.65(38.2)2.84(23.3)482.2393.59(113.8)100.6(122.3)***94.07****(114.4)*60.42(73.5)47.09(57.3)35.59(43.3)520.2323.88(118)*15.02(74.2)***14.49**(71.6)9.26(45.77)6.59(32.6)4.63(22.9)65.666.53(115.4)*5.91(104.4)*14.08(248.8)**5.18**(91.5)3.58(63.2)2.67(47.2)74.084.54(111.3)1.73(42.4)22.95(562.5)9.13(223.8)***2.51****(61.5)*1.40(34.3)819.5113.19(67.6)11.82(60.6)33.57(172.1)***13.16****(67.4)*5,59(28.6)2.68(13.7)94.356.23(143.2)3.26(74.9)7.77(178.6)***3.48****(80)*2.24(51.5)1.42(32.6)104.786.54(136.8)*3.39(70.9)*7.17(150)**2.59**(54.2)1.48(31)0.95(19.9)*Italised* values of PET-based volumes the most closely related to CT-based volumes, *bold* *+bold italic* values of PET-based volumes obtained from fixed threshold method, which are the most closely related to CT-based volumes, *pts* patients*%* percentage of CT-based volume, *PET*~*vis*~ visual method, *PET*~*20%*~*, PET*~*30%*~*, PET*~*40%*~*, PET*~*50%*~ volumes covered by 20%, 30%, 40%, 50% threshold of SUV~max~, respectivelyTable 3Results of the assessments of maximal and mean standardized uptake value (SUV) of primary tumor and mean SUV of soft tissue obtained from 18-fluorine-labeled fluorodeoxyglucose positron emission tomography (^18^F-FDG-PET) images in patients (1--10) with squamous cell carcinoma of the tongueNo. of ptsTumor SUV~max~Tumor SUV~mean~Soft tissue SUV~mean~Tumor SUV~max~/soft tissue indexTumor SUV~mean~/soft tissue index112.37.260.4427.9516.528.055.10.516.110.239.715.630.616.189.38413.78.730.5226.3516.79520.612.40.6730.7518.5168.475.430.3921.7213.9274.662.610.499.515.3389.265.090.5417.159.43912.17.090.6319.2111.251011.46.70.522.813.4*SUV*~*max*~ maximal standardized uptake value, *SUV*~*mean*~ mean standardized uptake value, *pts *patients

Most of GTV-MRI (80%) and 40% of GTV-PET~vis~ were larger than the reference GTV-CT. Respectively, 20% of tumor volumes obtained from MRI and 60% of GTV-PET~vis~ were smaller than GTV-CT.

In 8 out of 10 patients GTV-MRI contained a smaller GTV-PET~vis~. In two cases some mismatches were observed. In one patient GTV-PET~vis~ was distinctly (about 7%) larger than GTV-MRI and PET showed tumor infiltration on adjacent structures of oropharynx, invisible in the MR study. In another case, GTV-PET~vis~ and GTV-MRI were similar, but on PET images the retromandibular triangle's infiltration was much better visualized (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Primary tumor volume (GTV, gross tumor volume) delineated with manual method and presented on fusion of 18-fluorine-labeled fluorodeoxyglucose positron emission tomography (PET) and magnetic resonance (MRI) images. PET-based GTV (*green line*) are larger than MRI-based GTV (*pink line*) and include tumor's infiltration on the retromandibular triangle (*arrow*)

Taking into account all threshold measurements, 70% of volumes were smaller than referenced GTV-CT (Table [2](#Tab2){ref-type="table"}). The most closely related GTV values---from all GTV based on the threshold method---were generated from 30% SUV~max~ threshold and this was the case for 50% of patients. Analyzing all values obtained from PET measurements (GTV-PET~vis~; GTV-PET~20%~; GTV-PET~30%~; GTV-PET~40%~; GTV-PET~50%~), the visual method generated the most similar volumes in relation to GTV-CT.

The average, the median and the standard deviation of tumor's GTV are presented in Fig. [3](#Fig3){ref-type="fig"}.Fig. 3Statistical comparison of primary tumor volumes (gross tumor volume, GTV) delineated using visual method and fixed threshold method, obtained from computed tomography (CT), magnetic resonance (MRI) and 18-fluorine-labeled fluorodeoxyglucose positron emission tomography (PET) images. The graph shows the median, the average and the level of statistical significance *p* (*asterisk*) of obtained results. *Min* minimal value, *Max* maximal value, *vis* visual method of GTV delineation, *PET*~*20%*~*, PET*~*30%*~*, PET*~*40%*~*, PET*~*50%*~ volumes covered by 20%, 30%, 40%, 50% threshold of SUV~max~, respectively

Statistical analysis confirmed earlier observations. Similar results were obtained in GTV-MRI (*p* = 0.1141), GTV-PET~30%~ (*p* = 0.2026) and GTV-PET~vis~ (*p* = 0.5750). On the other hand, GTV-PET~20%~ (*p* = 0.0468), GTV-PET~40%~ (*p* = 0.0468) and GTV-PET~50%~ (*p* = 0.0218) diverge statistically significantly from referenced GTV-CT results (Fig. [1](#Fig1){ref-type="fig"}).

The average value of DSC for GTV-CT and GTV-MRI was 0.74 (range 0.66--0.85) and for GTV-CT and GTV-PET~vis~---0.72 (range 0.57--0.79). Average mHD between GTV-CT and GTV-MRI was 13.2 mm (range 4--19 mm) and between GTV-CT and GTV-PET~vis~---12.4 mm (range 5--21 mm). The registration accuracy measurements in the form of mHD and DSC values for GTV-CT and GTV PET/MRI was in the range of 0--28 mm (average 16.2 mm) and 0--0.82 (average 0.55), respectively. The DSC and mHD for GTV-MR, GTV-PET~vis~, GTV-PET/MRI and GTV-CT are presented in Table [4](#Tab4){ref-type="table"}.Table 4Volume agreement between gross tumor volume (GTV) obtained from computed tomography (GTV-CT), magnetic resonance (GTV-MRI), positron emission tomography (GTV-PET~vis~) and automatic fused positron emission tomography/magnetic resonance (GTV-PET/MRI) in patients with squamous cell carcinoma of the tongue (1--10)No. of ptsmHD \[mm\] between:DCS for:GTV-CT and GTV-MRIGTV-CT and GTV-PET~vis~GTV-CT and GTV PET/MRIGTV-CT and GTV-MRIGTV-CT and GTV-PET~vis~GTV-CT and GTV PET/MRI11415210.740.700.52191920.30.680.780.643182120.60.710.790.8241720250.80.790.65188280.850.730.4610810.40.730.680.75712812.20.660.730.6781212200.670.570.39454.10.770.720.77108800.750.660**Average13.212.416.20.740.720.55***pts* patients, *PET*~*vis*~ visual method of GTV delineation, *DSC* Dice similarity coefficient, *mHD* modified Hausdorff distance

Nodal GTV {#Sec5}
---------

In the study, only enlarged, exceeding 10 mm in the shortest transverse dimension or round-shaped lymph nodes with contrast enhancement on CT or MRI and/or increased ^18^FDG uptake in PET were taken into account. The number of detected lymph nodes in each imaging study differed. On CT images---22 lymph nodes were detected, on MRI---20 and on PET---15. Only 10 metastatic lymph nodes were suspicious for malignancy in all examined imaging techniques and this series was taken into account in further analysis.

Results of the volumetric assessments of lymph node target volumes (nGTV) obtained from CT (nGTV-CT), MRI (nGTV-MRI) and PET (visual method: nGTV-PET~vis~ and fixed threshold values: nGTV-PET~20%~; nGTV-PET~30%~; nGTV-PET~40%~; nGTV-PET~50%~) are shown in Table [5](#Tab5){ref-type="table"}.Table 5Results of the volumetric assessments of lymph nodes volumes (nodal gross tumor volume, nGTV) obtained from computed tomography (CT), magnetic resonance (MRI) and 18-fluorine-labeled fluorodeoxyglucose positron emission tomography (18F-FDG--PET) images in each patient (1--10)No. of ptnGTV CT cm^3^nGTV MRI cm^3^ (%)nGTV PET ~vis\ vis~ cm^3^ (%)nGTV PET~20%~ cm^3^ (%)nGTV PET~30%~ cm^3^ (%)nGTV PET~40%~ cm^3^ (%)nGTV PET~50%~ cm^3^ (%)1*49.14 (228.5)5.07 (126.7)****3.62*** *(90.5)2.36 (59)1.61 (40.3)1.02 (22.5)*1.563.540--------2.114.310--------1.5900--------204.182.35--------*4.194.13 (98.6)1.34 (32)10.37 (247.5)8.68 (207.2)6.15 (146.8)****3.56*** *(85)1.522.42 (159.2)0.39 (59.3)8.54 (561.8)5.54 (364.5)3.16 (207.9)****2.02*** *(132.9)*1.4300--------3*5.82.11 (36.4)0.77 (13.3)****3.94*** *(68)2.14 (36.9)0.99 (17.1)0.44 (7.6)*2.272.550--------0.781.460--------000.47--------4*5.38.09 (152.6)4.9 (92.5)23.13 (436.4)9.26 (174.7)****5.54*** *(104.5)3.26 (61.5)1.83.01 (162.2)****1.6*** *(88.8)9.66 (536.7)7.76 (431.1)4.55 (252.8)2.23 (123.9)*0.6501.5--------0.6700--------0.400--------5*5.66.2 (110.7)2.5 (44.6)****5.14*** *(91.8)2.31 (41.25)1.27 (22.7)0.69 (12.3)1.93.46 (182.1)0.6 (31.6)4.41 (232.1)3.13 (164.7)****1.78*** *(93.7* ***)****1.01 (53.2)*01.480.8--------01.20--------1.3800--------6000--------7000--------8*1.062.14 (201.9)0.88 (83)2.57 (242.5)1.76 (166)****1.03*** *(97.2* ***)****0.59 (55.7)2.582.06 (79.8)0.69 (26.7)****3.49*** *(135.3)****1.48*** *(57.4)0.73 (28.3)0.38 (14.7)*90.861.140--------1.21.670--------1001.980.69--------*italicized* volumes of lymph nodes detected with every of three imaging methods: CT, MRI and PET, *italic bold* values of PET-based volumes obtained from fixed threshold method, which are the most closely related to CT-based volumes*%* percentage of CT-based volume, *PET vis* visual method, *PET20%/PET30%/PET40%/PET50%* fixed threshold method, *pts* patients

Comparing to standard nGTV-CT---70% of nGTV-MRI and 20% of nGTV-PET~vis~ were larger. Remaining nGTV-MRI and nGTV-PET~vis~ measurements were smaller than nGTV-CT.

Measurements of all thresholds nGTVs were smaller than nGTV-CTV in 52.5% of cases. nGTV-PET~20%~ were the most closely related volumes to nGTV-CT target volumes and this has been observed in 40% of the cases.

On the other hand, statistical analysis (Fig. [2](#Fig2){ref-type="fig"}) showed that nGTV-PET~20%~ (*p* = 0.0468) diverge significantly from nGTV-CT results, as well as nGTV-PET~vis~ (*p* = 0.0166) and nGTV-PET~50%~ (*p* = 0.0166). nGTV-MRI (*p* = 0.1141), nGTV-PET~30%~ (*p* = 0.2845) and nGTV-PET~40%~ (*p* = 0.5076) were the most significantly related with nGTV-CT. The average, the median and the standard deviation of nodal GTV are also presented in Fig. [4](#Fig4){ref-type="fig"}.Fig. 4Statistical comparison of lymph nodes volumes (nodal gross tumor volume, nGTV) delineated using visual method and fixed threshold method, obtained from computed tomography (CT), magnetic resonance (MRI) and 18-fluorine-labeled fluorodeoxyglucose positron emission tomography (PET) images. The graph shows the median, the average and the level of statistical significance *p* (*asterisk*) of obtained results. *Min* minimal value, *Max* maximal value, *vis* visual method of GTV delineation, *PET*~*20%*~*, PET*~*30%*~*, PET*~*40%*~*, PET*~*50%*~ volumes covered by 20%, 30%, 40%, 50% threshold of SUV~max~, respectively

Discussion {#Sec6}
==========

^18^FDG-PET has been increasingly used in radiation oncology since integration of ^18^FDG-PET and CT imaging, which allows for simultaneous utilization of metabolic and anatomic data. Furthermore, in patients with lung cancer, ^18^FDG-PET has an established role in target delineation \[[@CR15]\]. Contrary, in HNC there is no consensus about the role of ^18^FDG-PET for GTV determination so far. Moreover, there are a limited number of publications regarding the use of modern hybrid ^18^FDG-PET/MRI in target delineation in HNC patients. Magnetic resonance imaging is characterized by excellent soft tissue contrast \[[@CR7], [@CR9]\]. PET data might identify a tumor region not clearly visible on other imaging studies and prevent geographical misstatements, especially in oral cavity cancers \[[@CR16]\]. This imaging method provides useful information about the biologic behavior of tumors and, when incorporated into radiation treatment planning, may allow for personalized radiation plans for each patient. It can be used to generate tailored "dose painting" that allows for different doses to be delivered to separate subvolumes of the tumor \[[@CR17]\]. Combining the advantages of both ^18^FDG-PET and MRI may provide better accuracy of GTV delineation than other imaging techniques \[[@CR9]\].

Multiple methods were proposed for accurate contouring of GTV in ^18^FDG-PET-guided radiotherapy \[[@CR2]\]. The two most popular methods---visual and automatic fixed threshold method---were chosen in the study.

In terms of technological aspects, the visual contouring method is less demanding. It does not require any specialist equipment, except a standard treatment planning station. On the other hand, this method is highly observer-dependent \[[@CR2], [@CR9]\]. During contouring on PET images, settings of different window levels would result in significantly different target volumes \[[@CR2]\]. One of the techniques of manual delineation on PET scans is the "halo" method. The use of the "halo" by Ashamalla et al.\[[@CR11]\] resulted in reduction of interobserver variability and in modification of GTV-PET in 53% of cases compared with GTV-CT. Visual planning relies on the physician's experience in recognition of various processes that led to physiological uptake of ^18^FDG in the head and neck region \[[@CR18], [@CR19]\]. In addition, the anatomical boundaries and location, clinical situation, patient motion during examination and other artifacts have great influence on the quality of contouring \[[@CR20], [@CR21]\].

Results obtained from manual delineation showed that the primary tumor volumes from MRI, PET and CT differ slightly from each other. Differences were statistically irrelevant. However, in particular patients these differences were significant. In 80% of patients, GTV-MRI were larger than in the reference GTV-CT. It might be a result of better soft tissue imaging and more accurate definition of the tumor's infiltration boundary. Similar results were obtained by Ahmed et al. \[[@CR22]\], who used T1-weighted post-contrast MRI sequences to delineate GTVs in cases of tumors of the base of the tongue. Another cause of these differences can be found in program's sequence (*mMR General*), in which PET/MRI and CT images were viewed and which is dedicated mainly for working with PET/MRI images. Delouya et al. \[[@CR15]\] reported that in most cases GTV of the primary tumor was smaller when delineated on ^18^FDG PET/CT vs. CT alone. The same results were described by other authors \[[@CR23], [@CR24]\]. In our study, 60% from GTV-PET~vis~ are smaller than GTV-CT. Bruella et al. \[[@CR2]\] demonstrated that the difference between GTV obtained from PET and from CT was not statistically significant. Other investigators \[[@CR7]\] revealed that PET/MRI-based and CT-based target volumes were similar in cases of primary oropharyngeal tumors. On the other hand, Ma et al. \[[@CR9]\] reported that GTV-PET~vis~ were larger than GTV-MRI when delineating on hybrid PET/MRI images. According to the authors, it was related to delineation of GTV-MRI on three-dimensional T2-weighed TSE (turbo spin echo) images and with the application of the "halo" method. In our study, 40% of primary tumor volumes based on PET were larger compared to volumes from CT alone. This results may be related to many artifacts from dental fillings present in CT studies. Artifacts veiled areas of the tongue and the floor of the mouth which significantly impeded target delineation. PET/MRI was performed on average 8 days after CT, so patient's position during each examination could be slightly different. Moreover, imaging studies were performed without immobilization of the head and this also can be a reason of spatial discrepancies in GTV delineation.

The fixed threshold method is one of the most commonly used methods of target volume determination. The advantage is in reduction of time required for manual delineation. This method does not depend on window level. The use of a threshold of 40% and 50% of SUV~max~ is predominantly reported in the literature \[[@CR7], [@CR9], [@CR16], [@CR18], [@CR21], [@CR25]--[@CR33]\]. In one of the first studies assessing the use of ^18^FDG-PET in GTV delineation, Ciernik et al. \[[@CR10]\] pointed that the best threshold value for the clinical setting is 50% of SUV~max~. Other authors \[[@CR16]\] reported that volumes obtained from thresholds within the range of 20--41% of SUV~max~ were comparable to GTV-CT. The results of our study do not allow the identification of the only one threshold value for target delineation either. None of the tested threshold values (20%, 30%, 40%, 50%) determined volumes similar to the reference GTV-CT in all cases. Threshold volumes of 30% SUV~max~ are most comparable in the largest number (50%) of patients, which was confirmed in a statistical analysis. Ma et al. \[[@CR9]\] reported that 31 ± 11.17% is the best threshold value for determination of primary tumor volumes. In our study, 70% of obtained volumes based on the fixed threshold method are smaller than GTV-CT. This is comparable with Paulinio et al. \[[@CR25]\], who documented that 75% of GTV-PET~30%~ were smaller than GTV-CT. Other authors obtained similar results: all threshold-based GTV-PET were smaller than GTV-CT \[[@CR32]\]. The lack of one, fixed threshold value may lay in the absence of uniformity of ^18^FDG uptake, which can be related to the presence of areas of hypoxia or necrosis, especially in advanced tumors \[[@CR26]\]. Some authors argue that accuracy of the automatic threshold method is highly dependent on tumor characteristics \[[@CR27]\]. For example, a 40% threshold of SUV~max~ generates inappropriately large volumes with low avidity tumors and small volumes with high avidity tumors. In the research of Guardia et al. \[[@CR28]\], GTV-PET obtained from the threshold method were slightly larger than volumes from conventional imaging. They explained it as being due to anatomic imprecision. PET images often falsely include air in the GTV or are distorted due to patient's involuntary breathing or swallowing, because acquisition of these images takes several minutes.

Beside the contouring method, in our study ^18^FDG-PET helped to detect tumor infiltration on structures, which were not visible on CT and hardly visible on MRI. Bruela et al. \[[@CR2]\] came to a similar conclusion, namely that PET has the potential to identify tumor volume outside GTV-CT. In another study, the matching rate was good---about 90% volumes of GTV-PET was overlapped to GTV-MRI but 10% of tumor and lymph node volumes obtained from PET was outside GTV-MRI \[[@CR9]\]. For spatial analyses of GTV obtained from different imaging method we used DSC and mHD. DSC has a limited range (0--1), where 0 indicates no spatial overlap and DSC of 1 indicates perfect overlap. The higher the DICE index (i.e. \>0.5) is, the higher the agreement \[[@CR21]\]. Some investigators reported DSC 0.7 as a "good" overlap, noting that DSC may vary more with changes in the size and less with the shape of the compared volumes \[[@CR34]\]. Our results show that spatial compliance between GTV-CT/GTV-MRI and GTV-CT/GTV-PET~vis~ is rather high, because mean DSC values for both compared GTVs pairs were above 0.7 (0.74 and 0.72, respectively). On the other hand, mHD is best for matching two objects based on their edge points \[[@CR14]\]. A smaller mHD value suggests greater similarity between the compared volumes \[[@CR7]\]. Based on mean mHD values in our study, similarity between GTV-CT/GTV-MRI and GTV-CT/GTV-PET~vis~ is suboptimal. It is probably because mHD is more responsive to shape changes of measured contours.

In our study we took into account only lymph nodes which were suspicious for malignancy on the basis of all three imaging methods. The purpose was to prevent false-positive results mainly obtained from PET. ^18^FDG-PET may over-stage patients by identifying benign inflammatory nodes as suspicious \[[@CR30]\]. In case of metastatic lymph nodes, CT and MRI have a comparable sensitivity and specificity of 50--80% and 70--90%, respectively \[[@CR31]\]. MRI, however, is the standard imaging method for the head and neck region because of excellent resolution of soft tissue and anatomical structures \[[@CR9]\]. In the present study, nGTV-MRI were larger in 70% of cases compared to nGTV-CT. It can be related with higher soft tissue contrast in MRI vs. CT, as described above.

There are only few papers in which nGTV-PET obtained with manual delineation method were compared with nGTV-CT. In our study, differences between nGTV-PET~vis~ and nGTV-CT were statistically significant. nGTV-PET~vis~ were smaller that nGTV-CT in 80% of cases. It is related with low spatial resolution of PET, which resulted in the ability to detect lesions with dimensions above 5 mm. Moreover, PET visualizes foci of increased ^18^FDG uptake, not the entire lymphatic tissue. Bruela et al. \[[@CR2]\] reported that nGTV-PET~vis~ were larger than nGTV-CT in 52% of cases. The authors explain this by differences in acquisition procedures and registration methods. Delouya et al. \[[@CR15]\] found no significant difference between the nGTV delineated on CT and PET.

Among volumes of nGTV obtained from the fixed threshold method, the most significantly related with nGTV-CT were nGTV-PET~30%~ and nGTV-PET~40%~. Other authors demonstrated similar results; the threshold value chosen by them was about 36.6 ± 7.3% \[[@CR9]\]. Ferrnando et al. \[[@CR16]\] reported that volumes obtained from PET were smaller than nGTV-CT, when thresholds values were within the range of 20--50%. In our study 52.5% of all threshold measures are smaller than reference nGTV-CT.

Registration accuracy between GTV-CT and GTV-PET/MRI was rather low (mean DSC 0.55 and mHD 16.2 mm). Almost certainly it is related to the lack of patient immobilization during imaging studies and the time interval between CT and PET/MRI, which could influence observed changes in patient positioning.

In summary, tumor and lymph node volumes obtained from MRI were larger than reference volumes from CT, which is a result of better soft tissue imaging of MRI. Most of the^18^FDG-PET-based GTV were smaller in comparison to GTV-CT. ^18^FDG-PET significantly support target volume delineation and the combination with MRI decreases the risk of marginal miss and provides higher accuracy than other methods. The usefulness of PET/MRI increases in the event that a tumor or a lymph node is difficult to visualize using standard studies, which can be helpful in clinical practice. However, it is difficult to identify one of the contouring methods as the ideal method. Visual delineation is dependent on the observer. The threshold method is controversial, because volumes vary significantly, depending on the chosen threshold value. In this study we cannot point out one universal threshold value for the primary tumor of the tongue or for lymph nodes.

Further studies should include larger numbers of patient. PET/MRI should be made in the therapeutic position with immobilization of the patient head (individualized or fit mask), ideally, on the same or next day after simulation CT. Histopathological verification of the extent of tumor infiltration and metastatic lymph nodes observed in PET/MRI would be valuable in prospective trials. It would allow for the determination of the true biological GTV and verify PET/MRI accuracy in target volume imaging in cases of SCC of the tongue.

Conclusion {#Sec7}
==========

Delineating GTV using ^18^FDG-PET/MRI requires a clearly established methodology. Combination of PET/MRI provides more information than other standard imaging studies, which might increase accuracy in target volume delineation. The most frequently matching threshold value was 30% for primary tumor delineation and for nGTV determination---30% and 40% of SUV~max~. Further prospective studies on a larger group of patients are needed to determine the best GTV delineation technique using innovative hybrid PET/MRI.
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Tables series from statistical analyses of obtained data.
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